The choroid plexuses (CPs) form the blood-CSF barrier (BCSFB) and xCT. Thus, isothiocyanates, as diet or medicine, may be a method for protecting BCSFB in neurological disorders.
Introduction
Oxidative stress results from an imbalance between oxidants and antioxidants and can result in oxidative damage to cellular components, such as proteins, nucleic acids, and cell membranes. Oxidative stress is involved in many diseases such as stroke, Parkinson' disease, Alzheimer's disease, and multiple sclerosis. Blood-brain barrier (BBB) damage following such stress has been extensively studied. However, less attention has focused on damage at the blood-CSF barrier, (BCSFB) located at the choroid plexus (CP) epithelium. The CPs lie within the brain ventricles and act as a unique interface between the peripheral blood and the CSF. Isothiocyanates (ITCs), such as sulforaphane (SF), allyl-isothiocyanate (AITC), benzylisothiocyanate (BITC) and phenethyl-isothiocyanate (PEITC), are a group of naturally occurring compounds found in abundance in cruciferous vegetables such as broccoli, cabbage, watercress, Brussel sprouts and radish (7) . There has been great interest in the potential therapeutic effects of these compounds. ITCs inhibit tumor development in many experimental models and are being investigated as possible chemopreventive agents for specific human cancers. ITCs exert their cancer chemopreventive action by modulating phase I and phase II drug metabolism (6, 21) . Recent studies have shown that SF also has neuroprotective effects in brain, brain microvessels, neurons and astrocytes by activating a transcription factor, Nrf2 (8, 25, 39, 41) , and another report has indicated that AITC activates Nrf2 in fibroblasts (13) . Under conditions of oxidative stress, Nrf2 is released from an inhibitory protein, KEAP1, and translocates to the nucleus where it regulates transcription of a wide range of antioxidant factors including HO-1 (heme oxygenase-1), H-ferritin, NQO1[NAD(P)H quinine oxidoreductase] and xCT (cystine/glutamate exchange transporter). (34) The purpose of the current study was, therefore, to examine whether two of the ITCs, SF and AITC, can protect CP epithelial cells from oxidative stress and whether this might be linked , similar to that found for frog choroid plexus that can be mounted in an Ussing chamber, (26) and enable an examination of the effects of ITCs on barrier function.
The latter, have advantages in terms of cell growth and number.
Materials and Methods

Cell cultures:
All animal studies were performed under the review of the University of Michigan Committee on the Use and Care of Animals. Primary CP epithelial cells cultures were derived from the lateral ventricles of 1-to 2-day-old Sprague-Dawley rats using the method of Strazielle and Ghersi-Egea (17, 33) . The CP epithelial cells were collected and seeded on laminin-coated Transwell porous filters (Costar, Cambridge, MA). The culture medium was changed every 48 h after seeding and consisted of Dulbecco's minimum essential medium (DMEM)/F-12 (1:1) supplemented with 10% (v/v) fetal bovine serum, 2 mM glutamine, 25 mg/ml of gentamicin, 5 mg/ml of insulin, 5 mg/ml of transferrin, 5 ng/ml of sodium selenite, 10 ng/ml of epidermal growth factor, 2 mg/ml of hydrocortisone, and 5 ng/ml of basic fibroblast growth factor. Cells were grown in a sterile incubator at 37°C, 95% relative humidity, and 5% CO 2 . Cultures were inspected visually for epithelial growth (i.e., cobblestone appearance) on a regular basis, and confluence occurred 5-7 days post-seeding. Z310 cells, an immortalized rat CP epithelial cell line (from Dr Wei Zheng, Purdue University), were cultured as previously described (44) . Briefly, cells were grown in DMEM supplemented with 10% FBS, 100 U/mL penicillin, 100 μg/mL streptomycin, and 40 μg/mL of gentamycin in a humidified incubator with 95% air-5% CO 2 at 37°C. The cells were passaged 
L-cystine Transport Studies:
For L-[ The same formula was used to calculate the V D and K in for carnosine uptake.
Western Blot Analysis:
Western blot analysis was performed as previously described (29) . Cells were harvested after 1 or 24 hours treatment with vehicle, 10µM SF or 10µM AITC. The cells harvested at 1 hour were used to examine the nuclear translocation of Nrf2. Nuclear fractions were ioslated using a cell fractionation kit (Calbiochem, La Jolla, CA). The cells harvested after 24 hours were used for whole cell lysate Western blots to examine heme oxygenase 1 (HO-1) levels. The primary antibodies were polyclonal rabbit anti-rat HO-1 IgG (1:2000 dilution; Assay Design, Ann
Arbor, MI), rabbit anti-rat Nrf2 IgG (1:2000 dilution; Santa Cruz Biotechnology, Santa Cruz, CA).
Immumoreactive proteins were visualized using horseradish peroxidase-conjugated secondary antibodies and enhanced chemiluminescence (GE Healthcare Biosciences, Pittsburgh, PA), and were exposed to Kodak X-OMAT film .The relative densities of bands were analyzed with NIH ImageJ. HO-1 and Nrf2 levels were expressed as percent of control.
Quantitative real-time PCR:
All of materials were from Applied Biosystems unless otherwise stated. Total RNA was extracted from cultured Z310 cells by Trizol reagent according to the manufacturer's instructions (Invitrogen). cDNA was synthesized from 1μg of total RNA in a 20μL reaction mixture using ta cDNA Reverse Transcription Kit with RNase Inhibitor. The mixture was incubated at 25°C for 10 minutes, 37°C for 120 minutes, and 85°C for 5 minutes. The primers used in RT-PCR had the following assay identification numbers: Rn00820640_g1 for rat heavy chain ferritin, Rn00566528_m1 for rat NQO1 and Rn01775763_g1 for rat GAPDH. PCR was carried out in a 30μL reaction mixture containing 1μL cDNA, 1.5μL gene specific primer and probe, 15μL
TaqMan® Universal PCR Master Mix and 12.5μL RNase/DNase-free water. A mixture of the cDNA samples was serially diluted to obtain a standard curve for each primer. The sample mixture was incubated at 50°C for 2 minutes, 95°C for 10 minutes, and cycled 40 times from 95°C for 15 seconds to 60°C for 1 minute in an Eppendorf Thermal Cycler. The quantified gene expression of ferritin and NQO-1 was normalized to GAPDH.
Statistical analysis:
The results are expressed as mean±SEM from at least three separate experiments and the data were subjected to one-way ANOVA analysis with Figure 1B ).
Reduction in H 2 O 2 -induced cell death by ITCs
LDH release serves as an indicator of cell membrane damage and death. As Figure 2A shows, 24 hours' pretreatment with10µM SF and AITC significantly reduced the LDH release induced by H 2 O 2 . Compared to the vehicle-treated cells exposed to H 2 O 2 , SF reduced LDH release by 24±3% in Z310 cells and 58±3% in primary CP cells. AITC also reduced LDH release by 40±7% and 47±10% in these two cell types, respectively ( Fig. 2A) . The dose dependency of the protection was examined in primary CP cells. There was a dose-dependent reduction in H 2 O 2 -induced LDH release for both SF and AITC (Fig. 2B) .
To examine the time course of protection, Z2310 cells were pretreated with 10µM AITC for 1 to 48 hours prior to H 2 O 2 exposure (Fig. 2C) . One hour pretreatment with AITC enhanced rather than reduced LDH release (186%±42% of vehicle treated cells, p<0.01). In contrast, 12, 24 and 48 hours pretreatment with AITC all reduced cell damage (Fig. 2C) .
Upregulation of Nrf2 and downstream antioxidant systems
In response to oxidative stress, cells upregulate a number of cytoprotective genes to increase their antioxidant capacity (36) . The transcription factor Nrf2 plays a major role in this response. Under normal conditions, Nrf2 is bound to a specific inhibitory protein, KEAP1, and is targeted for proteasomal degradation. However, under conditions of oxidative stress, Nrf2 is released from KEAP1 and enters the nucleus where it upregulates genes that have an antioxidant response element. Therefore, we investigated the possibility that Nrf2 accumulates in the nucleus and upregulation of potential downstream antioxidants (HO-1, NQO-1, ferritin, xCT) after treatment of SF and AITC by Western blot, real time PCR and cystine uptake.
Western blotting showed that nuclear levels of Nrf2 in Z310 cells were 11-and 10-fold higher than controls after 1 hour treatment with 10µM SF or AITC, respectively (Fig 3A & B) . In both Z310 and primary CP cells, 24 hours pretreatment with 10µM SF upregulated cellular HO-1, an enzyme that catalyzes the degradation of heme, by 2.0±0.5 and 2.8±0.2 fold, respectively ( Fig. 3C & D) . Similarly, 24 hours treatment with 10µM AITC upregulated HO-1 by 4.3±1.1 and 2.2±0.3 fold in Z310 and primary CP cells, respectively ( Fig. 3C & D) . NQO1 is a flavoprotein that catalyses the 2-electron reduction of quinones and prevents the production of radical species. Ferritin is a ubiquitous intracellular protein that stores iron and releases it in a controlled fashion. We also examined mRNA express of these two downstream antioxidants of 
Discussion
The present study demonstrates that SF and AITC can protect the BCSFB in vitro from damage caused by H 2 O 2 as assessed by both TEER and mannitol permeability. In addition, This study focused on two ITCs, SF and AITC. Sulforaphane is a component of broccoli and AITC is found in mustard seeds (7) . Our studies primarily used these ITCs at 10µM. This concentration is similar to that used in other studies examining neuroprotection (39) (40) (41) . It also appeared to give near maximal protection (Fig. 2B) . It should be noted, however, that there was evidence of significant CP protection at 2.5 µM for both SF and AITC. Measurements of ITCs in human plasma are limited, but a SF concentration of 1µM has been reported after ingestion of a cup of broccoli soup (1) . It should also be noted that human diet may contain multiple ITCs and the net effect of combinations of ITCs may be additive. There is also interest in giving pure ITCs to protect against different forms of brain injury (41, 42) The CP epithelium forms the BCSFB and modulates chemical/fluid exchange between blood and CSF acting as a first line of defense for the brain (9, 10). The CPs also secrete a number of neurotrophic factors that modulate brain function and brain repair after injury (5, 32) . Therefore, the integrity of BCSFB and functional CPs play important roles under normal and pathological conditions. Anatomical and physiological changes in the CPs may contribute to and underlie pathological processes. For example, previous study has showed that brain ischemia induced marked disruption of BCSFB that may enhance the movement of toxic compounds from blood to CSF and areas close to the ventricular system and participate in delayed neuronal death (12) . In
Alzheimer's disease (AD), the CP epithelial cells atrophy with resultant decreases in CSF production, enzymatic activity and polypeptide transport. The consequences of these changes can be widespread, leading to dysfunctional methylation, increased oxidative stress and augmented accumulation of toxins(27, 28). Distinct alterations in choroidal polypeptide synthesis also occur during brain development and in CNS disorders, including AD, traumatic brain injury and ischemia (11, 14, 27) . Recent studies have shown that CP cells isolated and maintained in vitro and CP cell transplants into brain and CSF exert neuroprotective effects (3, 4) . Therefore, CP protection is a potential approach to protecting the brain. It has been reported that SF can protect BBB and reduce brain edema and infarct size after cerebral ischemia (25, 39, 41) . However, the protective effects of SF and other ITCs on BCSFB had not been studied previously. In this study, we found that SF and AITC both had marked protective effects against oxidative damage to the CP and the BCSFB. This may provides novel approaches in neurological disorders' prevention and treatment.
In this study, protection was from oxidative damage was only found when cells were pretreated for 12-48 hours. No protection was found when cells were pretreated with AITC for one hour suggesting that protection requires protein production. The transcription factor Nrf2 regulates the expression of antioxidative and other cytoprotective genes and and it plays an important role in cellular defense against a variety of insults (22) . Studies have shown that SF has neuroprotective effects in several brain cells by activating Nrf2 (8, 25, 39, 41) and AITC has been found to activate Nrf2 in fibroblasts (13) . In this study, we examined the changes of nuclear Nrf2 and four downstream antioxidative proteins, HO-1, NQO1,xCT and ferritin, by
Western blot, real time PCR and cell cystine uptake (to examine xCT function). We found that study that both SF and AITC can significantly upregulate Nrf2 , HO-1 and NQO1 (but not ferritin) in Z310 and CP cells. Interestingly, xCT activity increase is only observed after SF treatment, which may indicate a different and selective downstream regulation by these two compounds.
All of these changes suggest that the protective effects of SF and AITC in CP are via activation of the Nrf2 pathway. In the current studies, SF and AITC reduced the BCSFB disruption induced by H 2 O 2 and have shown that they reduce the LDH release indicative of cell damage. However, it is possible that these agents also impact epithelial tight junction function. At the blood-brain barrier, alterations in tight junction function may occur through changes in tight junction protein expression, interactions and cellular location(31). The role of such changes at the CP is being examined.
Oxidative stress is involved in neurological disorders such as stroke, Parkinson' disease, Alzheimer's disease, and multiple sclerosis. Among the many factors causing brain damage in these disorders, oxidative stress play an important role. Currently, there is no effective treatment for these disorders and a lot of studies have been focusing on developing novel antioxidant compounds as one of therapeutic strategies. ITCs, a group of naturally occurring compounds in abundance in cruciferous vegetables and widely consumed as human diet, could be potential candidates, as diet or medicine, in preventing and therapy for these disorders since they may protect BCSFB and brain by activating the intracellular antioxidant system via Nrf2.
Because the ITCs resulted in upregulation of endogenous defense mechanisms, the current study focused on treating cells prior to the oxidative stress in order to enable those mecahnisms to be upregulated at the time of the stress. As ITCs are natural dietary components, such 'pretreatment' may occur. However, SF has also been shown to be protective when given after ischemic and hemorrhagic stroke onset (39, 43) . This may reflect protection against delayed injury in those conditions or it could be that some cell types differ in the time course of protection.
In summary, ITCs have a marked protective effect on the CP and the BCSFB. The effects of dietary ITCs on CP function may affect BCSFB function and influence acute (e.g. stroke) and chronic (e.g. Alzheimer's disease) associated with oxidative stress. Figures   Fig.1 . Primary CP monolayers were treated with vehicle or 10µM SF or AITC for 24 hours.
Titles and Legends to
They were then exposed to media without (control) or with 0.25mM H 2 O 2 for three hours and the (A) transepithelial electrical resistance (TEER) and (B) transepithelial mannitol permeability were measured. Values are means +/-S.E., n = 3. ** and *** indicate significant differences
